We present new B, V and I CCD time-series photometry for 177 variable stars in a 13 ′ × 13 ′ field centered on the globular cluster M54 (lying at the center of the Sagittarius dwarf spheroidal galaxy), 94 of which are newly identified variables. The total sample is composed of 2 anomalous Cepheids, 144 RR Lyrae stars (108 RR0 and 36 RR1), 3 SX Phoenicis, 7 eclipsing binaries (5 W UMA and 2 Algol binaries), 3 variables of uncertain classification and 18 long-period variables. The large majority of the RR Lyrae variables likely belong to M54. Ephemerides are provided for all the observed short-period variables. The pulsational properties of the M54 RR Lyrae variables are close to those of Oosterhoff I clusters, but a significant number of longperiod ab type RR Lyrae are present. We use the observed properties of the RR Lyrae to estimate the reddening and the distance modulus of M54, E(B-V)=0.16 ± 0.02 and (m-M) 0 =17.13 ± 0.11, respectively, in excellent agreement with the most recent estimates. The metallicity has been estimated for a subset of 47 RR Lyrae stars, with especially good quality light curves, from the Fourier parameters of the V light curve. The derived metallicity distribution has a symmetric bell shape, with a mean of [F e/H] = −1.65 and a standard deviation σ = 0.16 dex. Seven stars have been identified as likely belonging to the Sagittarius galaxy, based on their too high or too low metallicity. This evidence, if confirmed, might suggest that old stars in this galaxy span a wide range of metallicities.
INTRODUCTION
The globular cluster M54 (NGC6715) is a special object under several aspects. In fact, it is quite massive (∼ 2 × 10 6 M ⊙ , Pryor & Meylan 1993) , it displays a complex Horizontal Branch (HB) morphology (extending up to the highest temperatures achievable by these stars; Rosenberg et al. 2004) and its stars present an intrinsic spread in Iron abundances (Carretta et al. 2010, C10 hereafter; see Bellazzini et al. 2008 , hereafter B08, for previous studies and references). Moreover, it resides at the center of the Sagittarius dwarf spheroidal galaxy (Sgr dSph; Ibata, Gilmore & Irwin 1994) , a satellite of the Milky Way that is currently disrupting under the tidal strain of the Galaxy (see, for example, Majewski et al. 2003) . Several authors suggested the possibility that M54 could be the nucleus of Sgr (Bassino & Muzzio 1995; Sarajedini & Layden 1995) . Later studies ⋆ Based on observations taken at the ESO-Danish 1.54-m telescope in La Silla, Chile (Layden & Sarajedini 2000; Majewski et al. 2003; Monaco et al. 2005a) , however, demonstrated that the metal-poor cluster ([Fe/H]≃ −1.55; Brown, Wallerstein & Gonzalez 1999, C10) co-exists with a stellar nucleus made of metal rich stars of the Sgr galaxy ( [F e/H] ≃ −0.45; B08 and references therein). A recent study based on accurate velocity and metallicity data (B08) strongly supports the idea that M54 formed independently, and plunged into the Sgr nucleus as a result of significant decay of its original orbit due to dynamical friction (Monaco et al. 2005b ; see also C10 for independent support to this hypothesis).
In this context, RR Lyrae (RRL) variables can provide further insight into the nature of this stellar system, in addition to reliable estimates of the distance and foreground extinction. The first (photographic) survey for variable stars in M54 was performed by Rosino & Nobili (1959) who identified 82 variables. Their pioneering analysis was followed up and expanded by Layden & Sarajedini (2000; LS2000 hereafter) , who considered the variables as part of their V,I CCD photometric study aimed at obtaining the colour-magnitude diagram (CMD) of M54 + Sgr field to derive the star formation history of the Sgr dSph galaxy. In that work LS2000 found 117 variable stars, 93 of which are candidate RRL stars. They analysed the best observed subset of RRL (67 stars) to obtain a distance modulus of (m − M )0 = 17.19 ± 0.12 and E(V-I)=0.18 ± 0.02. On the basis of the pulsational properties of their sample of RRL, these authors classified M54 as an Oosterhoff type I cluster (Oosterhoff 1939; see Catelan 2009 for a recent review).
In this paper we present new BVI photometric data and discuss in detail the characteristics of the RRL stars of M54, that were presented in preliminary form by Cacciari, Bellazzini & Colucci (2002) . In Sect. 2 we describe our data, the observations, the data reduction, the calibration procedure and the period search procedure. In Sect. 3 we present and briefly discuss the characteristics of the CMD resulting from our photometric data and present our sample of detected variables. In Sect. 4 we analyze the RRL pulsational properties and use them to estimate their membership to the M54 or Sgr stellar population. Sect. 5 presents the results of the Fourier analysis of the RRL light curves and metallicity estimates. The reddening and distance are derived in Sect. 6, and the properties of the other variables of our sample are briefly presented and discussed in Sect. 7. We summarize and discuss our results in Sect. 8. In Appendix A we comment on individual variables.
THE DATA

Observations
The BVI photometric data presented in this paper were obtained on 13, 14 and 19 July 1999 at the ESO-Danish 1.54-m telescope in La Silla (Chile) using the 2k×2k CCD of the Danish Faint Object Spectrograph and Camera (DFOSC). The images cover a ≃ 13 ′ ×13 ′ field of view roughly centered on M54, with a scale of 0.39 ′′ /pixel. The BVI images were taken sequentially with exposure times of 360-900 sec in B, 150-600 sec in V, and 150-450 sec in I, depending on the atmospheric conditions. The average seeing during the three nights ranged between 1.9 ′′ and 2.5 ′′ (FWHM). In total, it was possible to obtain 54 B, 57 V and 52 I images.
Data reduction
The frames were overscan corrected, bias subtracted and flat fielded (using twilight sky flats) by means of the standard IRAF 1 tasks. The data reduction was performed using the ISIS package (Alard 2000) , which is based on the method of image subtraction. ISIS is able to transform a series of images of the same field to (a) the same astrometric system, (b) the same flux scale, and (c) the same Point Spread Function (PSF) 2 , without flux losses. Once all the above transforma-1 IRAF is distributed by NOAO, which are operated by the Association of Universities for Research in Astronomy Inc., under cooperative agreement with the National Science Foundation (NSF) 2 In this task one of the original images is taken as astrometric reference. Usually the image with the best seeing and the lowest background level is selected for this purpose (see Alard 2000) .
tions have been performed, the data reduction proceeds as follows:
(i) A high signal-to-noise reference frame (per filter) is constructed, by stacking a suitable number of images; in the present case the reference frames were built by stacking 14 B, 15 V and 14 I frames.
(ii) Each individual image is subtracted from the reference frame; the squares of the images of the residuals are co-added into a single image where there are only the variable sources.
(iii) Variable stars are identified on the stacked images of the residuals and their positions are recorded.
(iv) The residual flux is measured on each single subtracted image at the position of the detected variables, using a PSF fitting routine. A light curve in units of flux difference is obtained for each variable.
(v) Photometry of the reference frames is obtained independently (in our case using DoPHOT; Schechter, Mateo & Saha 1993) to provide the flux zero point to the light curves (and convert into a scale of magnitudes). In our case we transformed the instrumental magnitudes obtained with DoPHOT into absolute Johnson-Cousins magnitudes using several hundreds of stars in common with the photometry by LS2000 (for V and I) and by Rosenberg, Recio-Blanco & Garcia-Marin (2004) for B magnitudes.
The image-subtraction technique has proven very powerful in detecting even low amplitude variables in crowded fields 3 , ensuring a higher accuracy in relative photometry with respect to traditional techniques (see e.g. Olech et al. 1999; Mochejska et al. 2004; Corwin et al. 2006; Greco et al. 2009 ; we refer to these papers also for further details on the technique). As an example, in Fig. 1 we show for comparison the V light curves of 3 RRL variables in M54 that were measured by LS2000 with traditional techniques (DoPHOT) and by us with ISIS: the higher quality of the new light curves is readily evident.
There are two additional features of the specific application of the method performed in the present case that deserve to be described:
• The images of a few bright foreground stars were saturated in our frames. In the process of image subtraction these sources left spurious residuals due to different degree of saturation in the different frames, blooming etc. This in turn led to the identification of large numbers of spurious variable sources in the surroundings of these saturated stars. To remove contaminants from the list of variables before obtaining their light curves, we masked the surroundings of heavily saturated stars. The dimension of the masked areas was decided case by case, by inspecting the stacked image of the residuals.
• DoPHOT automatically masks the regions surrounding (even moderately) saturated stars 4 and/or sources for which the PSF fit does not reach convergency. For this reason there are variable stars for which we obtain a good differential flux light curve from ISIS but are not measured by DoPHOT on the reference image. Hence they lack a zero-point and their light curves cannot be transformed into a magnitude scale. For these stars we cannot measure an absolute amplitude, but we can obtain reliable periods and classify them on the basis of their periods, the shape of the light curve and the similarity of the differential flux amplitudes with calibrated variables.
Light curve analysis
For the period search, we used the Graphical Analyzer of Time Series (GrATiS) program (see Clementini et al. 2000 for details), which was run on the ISIS differential flux data. This code (developed by P. Montegriffo at the Osservatorio Astronomico di Bologna) employes two different algorithms:
(1) a Lomb periodogram (Lomb 1976) and (2) a best fit of the data with a truncated Fourier series (Barning 1963) . The adopted period search procedure performs the Lomb analysis on a wide period interval. The Fourier algorithm refines the period definition and find the best-fitting model. The r.m.s. of the observed points about the best fit model is taken as the error associated to the mean magnitudes. This value is reported along with the photometric data for each variable in Table 1 5 .
5 Table 1 is available in its entirety in the electronic edition 
Astrometry
The x,y coordinates in pixels have been transformed into J2000 Equatorial coordinates with a second order polynomial fitted to ∼ 2000 stars in common with 2MASS (Skrutskie et al 2006) , that were used as astrometric standards. The residuals of the adopted astrometric solution were 0.14 ′′ r.m.s. in both RA and Dec.
PHOTOMETRIC RESULTS
Colour Magnitude Diagram
In Fig at V ≃ 15. The wider (and sparser) RGB of Sgr runs nearly parallel to the red of the M54 one. A well-defined blue HB (mostly associated to M54; see Monaco et al. 2004 ) and a well populated Red Clump (associated to Sgr) are also visible at V∼18.2. A detailed discussion of the CMD is out of the scope of the present paper; we address the interested reader to papers more focused on the interpretation of the CMD (Sarajedini & Layden 1995; Monaco et al., 2003 Monaco et al., , 2004 , and references therein). For a detailed analysis of the stellar content in the innermost region of the cluster, see the exquisite CMD obtained by Siegel et al. (2007) from Hubble Space Telescope data. For the purposes of the present anal-ysis, it is important to recall that within the limiting radius of M54 (rt = 6.3 ′ ; see Ibata et al. 2009 ), the surface density of the cluster is nearly everywhere a factor of 7-8 larger than the Sgr metal-rich nucleus (B08). Moreover, the population of the Sgr nucleus is dominated by intermediate-age stars that are unlikely to evolve into RRL (Siegel et al. 2007 and references therein) producing a fraction of RRL which should be much lower than in M54 (Monaco et al. 2004) . This is in agreement with Cseresnjes (2001) , who estimated a density of 139 RR0 per square degree in the central region of Sgr, leading to about 6.5 RR0 in our 13 arcmin square field of view. Therefore, we conclude that the sample of RR Lyrae assembled in the present study must be dominated by members of M54.
The Variables
Our photometric search allowed us to identify 177 variable stars (94 new discoveries), significantly increasing the number (117) of variables identified by the previous studies of Rosino & Nobili (1959) and LS2000. The identification and photometric information are given in Table 1 . In Fig. 3 the variables detected in this study are identified in the V-(B-V) CMD.
Among the 89 stars studied by LS2000: 2 (V23 and V91) were not identified in the present study because they lie out of our FoV; 4 (V25, V108, V111 and V112) were not identified because they were masked out during the variable detection phase (see Sect. 2.2); 4 (V86, V89, V90 and V95) were identified as variables but no light curve could be derived and one (V100) was found to be non variable. Of the variables reported in the former study of Rosino & Nobili (1959) 5 of them (V21, V26, V73, V79 and V81) were not identified, neither by us nor by LS2000, because no stars were detected at the locations indicated by Rosino & Nobili (1959) and 5 (V20, V22, V27, V53 and V72) were found to be non variable (as also found by LS2000). These stars are not listed in Table 1 . Finally, 18 stars were identified and analysed using only internally calibrated photometry; they do appear in Table 1 but no photometric information is provided. The agreement between the light curves and the estimated periods between us and LS2000 is very good, in general. A few discordant cases are discussed in Appendix A.
For the 61 variable stars of the LS2000 sample for which we have calibrated photometry, we obtained light curves and derived the ephemerides using LS2000 photometric data in combination with ours to obtain a longer time baseline and more accurate results.
For the 94 newly identified variables (V118-V211) we derived the classification and the periods. We found: 51 RR0, 29 RR1, 3 SX Phoenicis, 3 W Uma (EW), one Algol binary (EA), 4 long period (LP) candidates (with no period determination) and 3 with uncertain classification (V145, V147 and V211) of which two (V147 and V211) might be eclipsing binaries (EB) . From the present calibrated data we find no evidence of double-mode pulsation in any of the studied stars. For 58 of these stars, mostly located in the central region of M54, the photometry could not be externally calibrated for the reasons described in Sect. 2.2.
The light curves of a sample of newly discovered RRL The epoch photometry for all the variables with calibrated photometry is available in its entirety at the CDS 7 . In the following we will focus the analysis only on RR Lyrae stars; variables of other types will be briefly discussed in Sect. 7.
6 The complete sample of light curves is available in the electronic edition. The RR Lyrae variable stars in the M54 field of view: a sample of the online catalog (the full catalog is available in the electronic version). Columns are: (1) Identification (ID) from Clement et al. (2001) and LS2000 up to V117, and from this paper for V118 to V221; (2) variable types: 0=Cepheid; 1=RR0; 2=RR1; 3=SX Phe; 4=LP; 5=EW; 6=EA; 7=Uncertain (3-4) RA and Dec coordinates. The epoch of the astrometric reference is J2000; (5) Pulsation period (6) Epoch of maximum light; (7-9) mean BVI magnitudes calculated as intensity averages over the pulsation cycle converted back to magnitudes; (10) r.m.s. of the observed V light curve points about the best fit model; (11-13) BVI amplitudes; (14-15) B-V and V-I colors at minimum light (phase interval 0.5-0.8); (16-17) mean < B − V > and < V − I > colors calculated as averages over one pulsation cycle of the best fit models; (18) Notes: Bl = possible Blazhko variability; b = possible blend; Cal = calibration problem; F = possible Galactic field member; Sgr = possible Sgr member; Ev = possible evolved. 
PROPERTIES OF THE RR LYRAE STARS
The sample of variables detected in our survey is mainly constituted by RRL stars, as expected from an old metalpoor globular cluster (GC). In this section we discuss the mebership of the various RRL, attempting to define a sample of M54 RRL as clean as possible from interlopers and/or stars with uncertain or possibly problematic data. Then, we will use the cleaned sample to analyze the pulsational properties of the cluster RRL.
The distribution in colour and magnitude
We show in Fig. 6 the distribution in magnitude and colour of the RRL stars for which we obtained calibrated photometry. The magnitude histogram in the lower-right panel shows that the distribution is dominated by a strong and relatively narrow peak around V ≃ 18.2, clearly associated to the cluster population. The bulk of this population is well bracketed between the edges of the instability strip predicted by theoretical models (Bono, Caputo & Marconi 1995) for a 0.65 M⊙ RRL star with Z=0.0004, overplotted to the CMD of Fig. 6 . Here we assume (m − M )0 = 17.13 and E(B − V ) = 0.16, according to the results of Sect. 6.1, below.
There are several stars that lie outside the M54 peak, both in magnitude and colour. There are 11 variables (9 RR0 and 2 RR1) having V < 17.9, clearly brighter than the bulk of the RRL population, i.e., in order of increasing magnitude, V119, V12, V128, V132, V93, V142, V65, V121, V75, V92, and V69. Assuming MV (RR) = 0.6 and E(B − V ) = 0.16 we can obtain rough estimates of the distances of these stars. V119 has D ∼ 9 kpc, thus may be possibly located in the Galactic Bulge. The others range between D ∼ 13 kpc and D ∼ 23 kpc; while some of these are likely interlopers from the Galactic thick disc and/or halo, the faintest ones are more likely members of M54 (or Sgr dSph) that appear over-luminous because of blending with other sources and/or some unidentified problem in the photometry; in fact four of them (V92, V128, V132 and V142) lie in the most crowded region of our images, within 1 ′ from the cluster center.
V55 (the faintest of the outliers, D ∼ 33 kpc) is likely a genuine Galactic star in the background. Finally there are five stars that have at least one colour clearly outside the RRL window (V75, V123, V124, V133, V143; only V75 appears anomalous in both colours): this is likely due to a problem in the DoPHOT photometry of the reference frame in one of the three bands. V123, that appears rather normal from Fig. 6 has a very red V-I.
To keep our final sample of M54 RRL as clean and safe as possible, all the stars discussed above have been excluded from the analysis of the pulsational properties, in the following. The RRL of this clean sample (55 RR0 and 9 RR1) have 17.9 < V < 18.4 mag and 0.3 < B − V < 0.7. In Fig. 7 the cumulative radial distribution of the RRL in the clean sample is compared with those of the Blue HB stars (BHB; expected to be dominated by M54 population) and red clump stars. As expected, both the RRL and the BHB stars are significantly more concentrated than the red-clump stars. This indicates that the contamination by Galactic and/or Sgr variables should be minimal (see also Monaco et al. 2003) . Absolute magnitudes have been converted to apparent ones adopting the reddening and distance modulus derived in Sect. 6 and 6.1. The ZAHB model fits quite well the lower envelope of the RRL distribution. Three stars are about 0.2 mag fainter than the average, namely V4, V118 and V130. The variable V4 is affected by the Blazhko effect and we have likely missed the maximum, as suggested by the unusually low V amplitude (0.71 mag) for its period (0.48 d). The other two stars have normal well defined light curves, and no metallicity estimates are available to check the origin of their unusual magnitude.
Pulsational properties
If we consider the entire sample of RRL, including also those for which only internal calibrated photometry could be obtained (but excluding those flagged as non-member or problematic in the previous section), then we have 95 RR0 stars with < P ab > = 0.584d and 33 RR1 stars with < Pc > = 0.351d. For comparison, the average values for Oosterhoff I type clusters are < P ab > = 0.559d and < Pc > = 0.326d, while for Oosterhoff II type clusters they are < P ab > = 0.659d and < Pc > = 0.368d (Smith 1995) . The fraction of RR1 over the entire sample of RRL is 0.26, which is slightly higher than the typical fraction detected in Oosterhoff I clusters (0.22) and significantly smaller than the typical value (0.48) in Oosterhoff II clusters (Clement et al. 2001) . This indicates that the entire sample of RRL stars detected in the M54 region has intermediate characteristics between the classical Oosterhoff types I and II, being much closer to Oosterhoff I. If we consider only the subset of stars that are most likely M54 members according to luminosity and metallicity criteria, as we discuss in Sect. 5, we find < P ab > = 0.600 d from 49 RR0 stars and < Pc > = 0.347 d from 7 RR1 stars
In the middle panel of Fig. 9 the period-V amplitude diagram for the sample of RRL is shown. The mean loci of the unevolved RR0 and RR1 variables in the GGCs M3 (Oosterhoff I) and M92 (Oosterhoff II) are overplotted (from Cacciari, Corwin & Carney 2005) . Taken at face value, the majority of the RR0 fall around the ridge line of M3 slightly on the side of smaller amplitudes or shorter periods. Some of these stars could well be unrecognised Blazhko variables observed during the low amplitude phase of the Blazhko modulation. Indeed, Blazhko effect has been clearly detected for 9 RRLs of our sample. According to previous studies (Smith 1995; Corwin & Carney 2001; Cacciari et al. 2005) as much as 30% of the total RRL population in several clusters is affected by Blazhko modulation. If the M54 population shares the same behaviour, then at least twice as many Blazhko RRL variables, whose anomaly could not be detected because of the short time coverage of our observations, are expected to exist in the studied sample . Within these uncertainties, the M54 data appear to be in good agreement with the mean relations derived for M3, albeit with a somewhat larger scatter (that may be due to the intrinsic metallicity spread of the cluster, see C10). In the bottom panel of Fig.  9 the period distribution of the RRL of M54 is compared with that of M3.
The apparent contadiction between the location in the P-Av diagram (slightly on the side of shorter periods) and the (longer) mean period of the M54 RRab stars with respect to M3 is an optical effect of the different amplitude distributions: while 44% of M3 RRab have amplitudes AV > 1 mag, this fraction is only 11% in M54. At least part of this difference might be due to the presence of a significant fraction of unrecognised Blazhko variables. As for the period distributions, which are not affected by the Blazhko stars, it is evident that the M54 and M3 RRL period distributions are different: the M3 distribution is skewed towards the short period end whereas in M54 it is wider and more symmetrical (bottom panel of Fig.9 ). This accounts for a longer mean RRab period in M54 (∼0.60d) than in M3 (∼0.56d).
One can also note a group of 8 stars with longer periods that seem to stand out from the main distribution . These stars are V41, V48, V76, V83, V120, V125, V137 and V140. This location in the period-amplitude diagram can be due to evolution off the ZAHB or to lower metallicity. In both cases the star is expected to be somewhat overluminous. Two of them (V125 and V137) are indeed brighter than the average by more than 0.1 mag and might be evolved, for the other 6 stars the luminosity is quite normal. The metallicity was estimated for 4 of these stars (V41, V48, V76 and V83) and falls within about 0.2 dex of the mean value except for V83 that is very metal-poor (see Sect. 5).
In conclusion M54 RRL show Oosterhoff I characteristics as far as the population ratio of fundamental/first over- tone pulsators is concerned, while display average periods quite intermediate between the two types, mainly due to the presence of a significant number of long period RRL. the Fourier components of RRL light curves as equivalent to the Oosterhoff-Arp-Preston period-metallicity effect. This can be found in both fundamental and first overtone pulsators, that we consider here separately. However, in several cases (Jurcsik & Kovacs 1996; Pritzl et al. 2001; Nemec 2004; Cacciari et al 2005; Stetson, Catelan & Smith 2005 ) the coefficients as well as the range of validity of such relations have been discussed, often leading to different and conflicting results. Therefore, [Fe/H] estimates derived from the Fourier parameter φ31 should be used with caution, especially in the high metallicity regime. In the following we use these metallicites mainly to clean the sample of M54 RRL stars from possible members of Sgr, that would lie at the same distance but may stand out as significant outliers in the metallicity distribution.
METALLICITY ESTIMATES FROM FOURIER ANALYSIS
To this purpose, we have decomposed the V light curves of all RRL variables of our sample in Fourier series of cosines.
RR1
The use of Fourier coefficients to characterise RR1 variables has been less extensive than that of the RR0 stars. The most recent critical analysis of this method has been presented by Morgan et al. (2007) . We refer to this work for an extended discussion and references. According to these authors the metallicity of the RR1 stars can be estimated using the following relation: imately -1 and -2, so this relation likely gives poorer results at very high or very low metallicities. Our sample contains 13 RR1 stars for which we have estimated the Fourier parameter φ31 and hence the metallicity with the above relation. The results are listed in Table  2 . Two stars (V12 and V142) have been assigned to the Galactic field population based on their unusually bright V magnitude (V < 17.9). Three more stars (V74, V141 and V148) have rather high metallicities suggesting that they may belong to the Sgr dSph population. The average metallicity of the 8 stars that are most likely M54 members is [Fe/H]= -1.66, with a standard deviation of 0.13 dex.
RR0
From the analysis of V light curves of 272 RR0 stars, Jurcsik & Kovacs (1996) and Jurcsik (1998) where the r.m.s. error of the fit remains ∼ 0.14 dex. This new formulation gives values of metallicity that are in good agreement with those obtained from spectroscopy or other methods, as we comment later. Since we are also interested in differential estimates, to separate the M54 from the (Milky Way and Sgr) field populations, this method appears sufficiently adequate to identify at least the most obvious outliers. We corrected the values of our cosine series φ31 by +π to report them to sine series decomposition, and applied the above relation to calculate the metallicity. The Dm parameter (defined by Jurcsik & Kovacs 1996) represents a quality test on the regularity of the shape of the light curves, and hence on the reliability of the derived physical parameters. We considered as sufficiently reliable only stars with Dm 5. The values of φ31 and [Fe/H]L for these 38 RR0 stars are listed in Table 3 . Blazhko stars should be excluded, unless observed at or near maximum Blazhko modulation amplitude with a good degree of confidence. In fact, at small-amplitude Blazhko phase the light curves are more likely distorted (even if Dm 5) and tend to overestimate the metallicity, whereas at large-amplitude Blazhko phase they are quite similar to regular pulsators (see Cacciari et al. 2005) . Following these considerations, only V33 has been excluded from the sample. On the other hand, photometric blends or stars affected by calibration errors can still produce good metallicity estimates, as only the zeropoint of the photometric scale is incorrect. Seven variables with a reliable metallicity estimate have been associated to the foreground Galactic population because of their bright magnitudes.
The distribution of the remaining 30 RR0 variables with reliable metallicity estimates is shown in Fig. 10 . As can be noted, the distribution has a prominent peak at [F e/H] ∼ −1.6 and the majority of RR0 variables have metallicities that range between −2.2 < [F e/H] < −1.2. A group of four variables (V28, V46, V63 and V123) form a secondary peak at [F e/H] ≃ −1.0. One variable (V139) has a solar-like metallicity. Finally, two variables (V50 and V83) present a very low metallicity ([F e/H] < −2.2). The membership of these 7 stars with metallicities outside the range −2.2 < [F e/H] < −1.2 is not clear cut. The extreme metallicity of V139, V50 and V83 strongly suggests a membership to Sgr dSph, whose metallicity distribution tails clearly reach values from [F e/H] ∼ −2 up to nearly solar (B08; Monaco et al 2005b; Bonifacio et al. 2006) . In particular Cseresnjes (2001) found a very wide metallicity distribution also for the RRL of Sgr, with a mean of [Fe/H]=-1.6, a dispersion of ∼ 0.5 dex, and a minor but significant population at [F e/H] -2.0 dex. The membership of the four stars at [F e/H] ≃ −1.0 is harder to establish, especially considering that M54 itself has been found (from spectroscopic analyses) to display a spread of ∼ 0.19 dex (Da Costa & Armandroff 1995; B08; C10) . To be conservative we decided to exclude also these four stars from our final sample 8 . The remaining 23 RR0 variables that are likely members of M54 have a mean metallicity [Fe/H]= -1.65 ± 0.18 dex. The mean metallicity of the M54 RR0 stars is in excellent agreement with the mean value found for the RR1 in Sect. 5.1. So we can assume that the RR1 and RR0 metallicity estimates can be dealt with jointly, and the mean value Costa & Armandroff (1995) , Brown et al. (1999) , B08 and C10. The uncertainties on individual measures, on the reliability of the φ31 − [F e/H] relations and the conservative selection described above prevent any conclusion about the intrinsic metallicity spread. By rejecting those RRL with measured metallicities outside the range −2.2 < [F e/H] < −1.2 , in addition to the luminosity criteria described in Sect. 4.1, we end up with a sample of 49 RR0 and 7 RR1 variables, that will be used in the following sections to estimate the distance modulus and the reddening of M54.
In the following, we will refer to these stars as the bonafide M54 sample.
REDDENING AND DISTANCE
Our large sample of RRL allows us to determine the reddening to M54 with good accuracy. We consider two approaches to estimate the reddening, using the colours of the RR0 variables at minimum light (i.e. averaged over the phase interval 0.5-0.8):
• Based on a recalibration of the original relation by Sturch (1966) , Walker (1998) proposed a relation linking (B − V )min and reddening E(B − V ):
Applying this relation to the sample of bona-fide RR0 variables of M54 we find E(B − V ) = 0.17 ± 0.02 if we adopt an average metallicity [F e/H] = −1.65 (see Sect. 5) and E(B − V ) = 0.16 ± 0.06 if we adopt for each star the metallicity estimated through the φ31 − [F e/H] relation defined in Sect. 5.2
• From the analysis of a sample of field RR0 stars Mateo et al. (1995) proposed a constant value of (V −I)0,min = 0.58 for RR0 stars, independent on metallicity and period. By using our sample of bona-fide M54 RR0 stars we find < (V − I)min >= 0.78 ± 0.03 which translates into E(V − I) = 0.20 ± 0.03, and hence E(B − V ) = 0.16 ± 0.03 using the relation E(B-V)=0.8 E(V-I) (Dean, Warren & Cousin 1978) .
Summarizing the above results, we estimate an average value of E(B − V ) = 0.16 ± 0.02. This estimate is in very good agreement with that provided by the extinction map by Schlegel, Finkbeiner & Davis (1998 , E(B−V ) = 0.15±0.02), and with the results by LS2000 from a similar analysis of RRL stars (E(V − I) = 0.18 ± 0.02).
Distance determination
The distance to M54 has been estimated from the mean characteristics of the bona fide sample using the absolute visual magnitude MV that can be derived from the luminositymetallicity relation MV = 0.214 [F e/H] + 0.885 (Clementini et al. 2003) where the adopted slope 0.214 appears to be supported by the most accurate studies of field RRL stars in the Milky Way (Fernley et al. 1998; Chaboyer 1999) , in the Large Magellanic Cloud (LMC; Gratton et al. 2004) and GCs in M31 (Rich et al. 2005) . The zero-point of such a relation has been set to be consistent with the mean dereddened V magnitude of the RR0 variables observed in the LMC by Clementini et al. (2003) (< V0 >= 19.064) assuming a distance modulus of (m − M )0 = 18.50 (Freedman et al. 2001) .
We use the mean metallicity [F e/H] = −1.65±0.16 dex (derived from the subset described in Sect. 5) to estimate < MV >= 0.53±0.05 mag from the above equation, and the mean V magnitude < V >= 18.16 ± 0.07 mag (derived from the stars that have been included in the bona fide sample). Therefore, assuming AV /E(B − V ) = 3.1 (Savage & Mathis 1979 ) and E(B-V)=0.16 ± 0.02 (see Sect. 6) we estimate a distance modulus to M54 (m − M )0 = 17.13 ± 0.11, which translates into a distance to M54 of d = 26.7 ± 1.1 kpc. As a sanity check, we estimate the distance modulus also adopting the individual Fourier metallicities listed in Tables 2 and 3 for the smaller sample of 30+7 RR0+RR1 variables, and we obtain (m − M )0 = 17.11 ± 0.13.
The above estimates are in excellent agreement with those derived by Monaco et al. (2004;  (m − M )0 = 17.10 ± 0.15), and by LS2000, once their estimate is corrected using the most recent metallicity estimates ((m − M )0 = 17.13 ± 0.09; see Monaco et al. 2004) . A significantly smaller distance ((m − M )0 = 16.97 ± 0.07) has been derived by Kunder & Chaboyer (2009) on the basis of the analysis of differential distance modulus of a sample of Sgr RRL with respect to a sample of RRL belonging to the Galactic bulge. These authors adopt a different luminosity-metallicity relation (from Bono, Caputo & Di Criscienzo 2007) , and their sample is affected by larger amount of extinction (E(B-V)=0.36), lying in fields at lower Galactic latitude, from 4 deg to 10 deg apart from M54. Moreover, the derived distance clearly depends on the assumed distance to the Galactic Bulge. Finally, a lower distance in that wing of the Sgr dSph may be a real effect of the three dimesional orientation of the galaxy major axis. All these factors can contribute to account for the difference between their distance estimate and our results (as well as those by LS2000 and Monaco et al. 2004 ; see the latter paper for a detailed discussion and references on previous distance estimates).
OTHER VARIABLES
Apart from the RRL, a number of other variables have been found in the present survey.
Variables V1 and V2 are Cepheids already discovered by Rosino & Nobili (1959) and classified by LS2000 as a population II and an anomalous cepheid, respectively. Their magnitudes are consistent with those predicted by the periodluminosity relation of Nemec, Nemec & Lutz (1994) and are located at 3.2 and 3.5 arcmin from the cluster center, respectively. On the basis of these considerations they should be likely members of M54 (or Sgr dSph).
Among eclipsing binaries, stars V116 and V195 are Algol binaries (EA), whereas V147 and V211 are suspected EB types. Five variables (namely V99, V117, V134, V135, and V144) are probably W UMa (EW). By applying the period-colour-V luminosity relations by Rucinski (2000) we estimated the distance moduli of these stars. Among these 5 stars, only V134 and V144 have distance moduli 17.3 < (m − M )0 < 17.5 which are compatible with that of M54 estimated in Sect. 6.1, being probable cluster members.
We found 3 SX Phoenicis variables (V146, V149 and V150) with periods in the range 0.06 d < P < 0.08 d. Adopting the period-luminosity relation by Poretti et al. (2008) we estimated the distances for these stars. V146 and V149 are significantly less distant than M54 (∆ (m − M )0 ∼ 0.6 − 1.0 mag) and are likely foreground Galactic variables. The distance modulus of V150 is compatible (within 0.3 mag) with that of M54 and could be a cluster or Sgr member.
Finally, we identified 18 candidate long-period variables (LPV). Four of them (V153, V154, V155 and V156) are new discoveries. They are located in the CMD close to the tip of the RGB at colours (V − I) > 1.4 (see Fig. 11 ). Most of them are located far from the RGB ridge line of M54, on the expected locus of late M giants of Sgr, being likely associated to Sgr.
Of course, the short time coverage of our observations does not allow us to establish their pulsation periods and their average magnitudes and colours are uncertain.
DISCUSSION AND CONCLUSIONS
We presented a survey of variable stars in a 13 arcmin square field of view centred on the GC M54 using deep multiepoch observations collected with the ESO-Danish 1.54m telescope. From this analysis we detected 177 variables, 94 of them never observed before. We provide the ephemerides for the entire sample of variables (except for 18 long-period candidates), and the epoch-photometry and light curves for the large subset of variables with calibrated photometry.
The period-amplitude diagram of the RRL of M54 and the relative fraction of RR1 variables indicate that this cluster shares some of the properties of Oosterhoff I clusters (as already found by LS2000), but contains a larger number of long-period variables. The average period of its RR0 and RR1 stars are indeed slightly larger than typical Oosterhoff I cluster values, even if significantly smaller than Oosterhoff II.
Accurate estimates of the cluster reddening (E(B − V ) = 0.16 ± 0.02) and distance modulus ((m − M )0 = 17.13 ± 0.11) were also derived, in excellent agreement with previous estimates in literature.
The metallicity distribution of the RRL, derived through the Fourier parameter φ31, shows a clear peak at the metallicity of M54 ([F e/H] ∼ −1.65 ± 0.16 dex) and a few stars with a significantly different metallicity (outside the range −2.2 < [F e/H] < −1.2), likely associated with the population of the Sgr dSph. The presence of a extended blue HB (reaching the instability strip) associated with the Sgr galaxy has been already discovered by Monaco et al. (2003) . We note that the presence of RRL stars as metal-rich as [F e/H] −0.8 (see also Cseresjnes 2001), if confirmed, would indicate that Sgr was able to reach such relatively high metallicity at a very early epoch ( 10 Gyr ago). Unfortunately, the small number of stars belonging to this group and the large uncertainties in the metallicities do not allow a firm conclusion on this issue until spectroscopic confirmation is obtained.
